Compared with the Al 84 Ni 10 Ce 6 alloy, the glass forming ability (GFA) of Al 84 Ni 10 (Ce 3 La 3 ) was improved and the melt fragility was decreased through the method of La addition (similar to Ce element), which is in contrary to the conventional rules of dissimilar elements (large atomic size differences) addition. This phenomenon can be understood from the thermodynamics of decrease in ΔG l-x . Furthermore, the effects of other similar RE elements (Pr, Nd, Gd) substitution on GFA and different fragility parameters were investigated in Al 84 Ni 10 (Ce 3 RE 3 ) alloys, and it was found that smaller M corresponds to a better GFA in these alloys. In addition, it can be also confirmed that m could be just used in an individual alloy system which may attribute to the different formation mechanism of metallic glasses.
Introduction
In recent years, Al-based metallic glasses have attracted increasing attention due to their superior specific strength and other good mechanical properties [1] . Although the Al-based bulk metallic glasses (BMGs) were reported [2] , unfortunately the size of the Al-based amorphous is still limited to 1 mm. In the course of discovering the effective methods to develop large size of the Al-based BMGs, people have focused on the constituent elements with large atomic size differences and large negative mixing enthalpy, which is helpful to promote the GFA by making more efficient atomic packing, while the effect of similar elements (similar atomic size but various electronic structures) addition has been neglected. However, the existence of the similar elements pairs can also have a beneficial impact in glass forming systems, such as the similar elements pairs of Co and Fe in Co-Fe-B-Si-Nb system [3] , Ni and Fe in Ni-Fe-B-Si-Nb system [4] , Cu and Ni in La-Al-Cu-Ni system [5] . The remarkable one is that Zhang et al. found the critical diameter of the quinary (La 0.5 Ce 0.5 ) 65 Al 10 (Co 0.6 Cu 0.4 ) 25 BMG is significantly higher than that of the ternary Ln-Al-TM alloys (Ln = La or Ce; TM = Co or Cu), and the similar pairs of La and Ce, Co and Cu have greatly improved the GFA in this quinary alloy [6] .
Recently liquid fragility has been used as a key to investigate the glass community. According to the deviation of the viscosity's temperature dependence from Arrhenius behavior approaching T g (the glass transition temperature), Angell [7] proposed the concept of fragility of supercooled liquid (m), which was extensively used to classify the strong-fragile characteristics of glass-forming liquids. However, it is hard to obtain m of the alloys with low GFA. And then, melt fragility (M), namely fragility of superheated melt, which is defined as the viscosity variation rate of superheated liquids towards the liquidus, has been proposed by Bian as a new concept and it can reflect the GFA directly, especially in marginal alloys like Al-based alloys [8] .
In this paper we chose Al 84 Ni 10 Ce 6 as the matrix alloy, the maximum thickness of which is up to 200 μm [9] . The lanthanide elements of La, Pr, Nd and Gd, which are similar to Ce, were used to substitute a small quantity of Ce. The influence of similar elements substitution on GFA, m and M and their relations in Al-based alloys were investigated in detail. And the reason for the improvement on GFA will be explained by thermodynamics of ΔG l-x and dynamics of viscosity.
Experimental procedure
The samples of Al 84 Ni 10 (Ce 3 RE 3 ) (RE = La, Pr, Nd, Gd) alloys were prepared from pure Al (99.9% mass), pure Ni (99.9% mass), and industry pure Ce, La, Pr, Nd and Gd. The purity of RE is about 99.6% mass. Then the prealloyed ingots were remelted and rapidly solidified into ribbons at different circumferential speeds by a single roller melt spinning apparatus. The structure of the ribbons was examined by X-ray diffraction (XRD) with a D/Max-rB diffractometer with Cu Kα radiation. Thermal properties of the ribbons were evaluated by a Netzsch DSC404 calorimeter using pure indium (99.999wt %) and pure zinc (99.999wt %) standards.
Besides the viscosity, thermal scanning is also thought to be a reliable way to obtain the fragility of the supercooled liquid [10] . The parameter of the fragility of the supercooled liquid, m, can be calculated by the following equation [11] , 20 ,
where ΔH * is the active enthalpy of the glass transition, R is the gas constant, T g,20 is the glass transition temperature at a scanning rate of 20 K/min examined by the DSC. Meanwhile, ΔH * can be calculated according to the different glass transition temperatures dependent on the heating rates. The equation is as follows [12, 13] ,
For viscosity measurement, the samples were measured by an oscillating viscometer in a high vacuum atmosphere. The samples were first overheated to about 250 K above their liquidus and held for 1 h and then cooled to the required temperature for the viscosity measurements. The kinetic viscosity was calculated according to the Shvidakovskii's equation [14] . The viscosity of the superheated melts can be successfully fitted by the Arrhenius equation in a wide temperature range above liquidus,
where η 0 is a pre-exponential constant, which is associated with the nature of the liquid, E is the activation energy for viscous flow and R is the gas constant.
According to the definition, melt fragility (M) is defined as [8] :
where T L is the liquidus temperature, η L is the viscosity at the liquidus. According to the equation (3) and (4), M can be calculated by
Results and discussion
In order to compare with each other, all the fully amorphous ribbons of Al 84 Ni 10 (Ce 3 RE 3 ) (RE = La, Pr, Nd, Gd) alloys were obtained at the same circumferential speed of 14.7 m/s. The amorphous structures were also confirmed by the XRD patterns shown in Fig.1 . The broad diffraction peaks found in these alloys indicate no detectable crystalline phase in them. From Fig.1 we can find that with the different elements addition, the main peaks of the XRD patterns have a slight deviation according to the Gaussian fitted curves. Fig. 2 shows the DSC curves of the Al 84 Ni 10 (Ce 3 RE 3 ) (RE = La, Pr, Nd, Gd) ribbons during the heating and cooling process at a rate of 20K/min. The characteristic temperatures and parameters, such as the reduced glass transition temperature T rg (T rg = T g /T L ) [15] and γ(γ = T x /(T g T L )) [16] for all the glassy ribbons are shown in Table 1 . In our work it is difficult to get amorphous ribbons below the lowest circumferential speed v 0 . The relevant parameters of the Al 84 Ni 10 Ce 6 were also listed for comparison and its parameters are close to the data in Ref. [18] . the Gibbs free energy difference, ΔHmix is the mixing enthalpy, and v0 is the lowest circumferential speed to obtain fully amorphous ribbons)
Alloys From Table 1 , it can be seen that the Al 84 Ni 10 Ce 3 La 3 has a lower value of v 0 than that of Al 84 Ni 10 Ce 6 , indicating that the coexistence of similar elements pairs of La and Ce has improved the GFA, while the addition of Pr, Nd and Gd elements has decreased the GFA. In order to further compare with each other, we use γ to characterize the GFA of these alloys. Generally speaking, the higher γ corresponds to the better GFA [16] . In the Al 84 Ni 10 (Ce 3 RE 3 ) alloy system, the γ also shows a negative correlation with the lowest circumferential speed v 0 , indicating that γ is reliable to characterize the GFA in our work. The minor addition of different similar elements causes the change of the number and the shape of the main exothermic peaks for the crystallization, indicating that the minor addition affects the GFA via changing the crystalline process. Then we focus on the improvement of the GFA by the similar elements substitution. As we know, the RE elements have similar atomic size, chemical and physical properties. Since the similar element pairs of La-Ce are neighbours in the Periodic Table of Elements, the difference in atomic size between them is very small and the mixing enthalpy (ΔH AB mix, , here A and B represent two kinds of elements) [19] between them is 0 kJ/mol. Therefore, the traditional criterion of mismatches in atomic size and the negative heat of mixing cannot give a reasonable explanation for the improvement in GFA. Consequently we want to discuss the possible reason in thermodynamic of Gibbs free energy difference and dynamic of viscosity for this phenomenon.
Thermodynamically, the Gibbs free energy difference between the liquid and the crystalline state is a very important parameter for the glass forming. As is investigated by Busch et al. [20] , the lower Gibbs free energy difference (ΔG l-x (T)) between the liquid and the crystalline states corresponds to the better GFA, indicating that the high driving force for crystallization decreases the GFA. The difference in the Gibbs free energy between the liquid and crystalline states is given by [21, 22] :
According to the method mentioned previously, we calculated the parameter of the fragility of the supercooled liquids (m). The values of activation enthalpy for glass transition ΔH * and m are listed in Table 2 . The different glass transition temperatures at different heating rates are obtained from different heating rates of DSC curves. Fig. 4 shows the correlation between ln(T g 2 /Φ) and 1000/T g for the Al 84 Ni 10 (Ce 3 RE 3 ) (RE = La, Pr, Nd, Gd) alloys. The effect of similar elements substitution on the GFA in different Al-based alloys may also attribute to the change of the liquid behavior. As shown in Table 2 , Al 84 Ni 10 Ce 3 La 3 alloy with the best GFA has the lowest m, indicating it has a more stable and stronger supercooled liquid than the other alloys. However, among the alloys of Al 84 Ni 10 (Ce 3 RE 3 ) (RE = Pr, Nd, Gd), the Al 84 Ni 10 Ce 3 Gd 3 alloy has the smallest m of 85.63 corresponding to the smallest γ of 0.314. Hence, it can be verified that a larger m corresponds to a better GFA. Generally speaking, the strong liquid usually exhibits a good GFA with a small m. The possible reason for this unusual tendency in Al-based alloys is the heterogeneous nucleation in liquids resulting from the existence of local heterogeneous domains, which decreases the influence of the viscosity in the glass transition region and promotes the nucleation [26] . It can be inferred that the smaller m corresponds to a better GFA only works in an individual alloy system, not in the different systems of Al 84 Ni 10 (Ce 3 RE 3 ) (RE = La, Pr, Nd, Gd) alloys. This finding accords with the result that was found in Ref. [27] . On the other hand, the viscosity of the liquid is an important dynamics parameter to measure the process of the glass forming and it has a close relationship with the microstructure of the liquid. Fig. 5 shows the experimental viscosity data of Al 84 Ni 10 (Ce 3 RE 3 ) (RE = La, Pr, Nd, Gd) alloy melts at high temperature during the cooling process. The discrete viscosity values are fitted by the Arrhenius law. Thermodynamic properties, especially the important one of mixing heat, which reflect the interaction between the components in the melts are considered to be useful in discussing the behaviors of the viscosity [28] . It can be inferred a stronger atoms interactions in the Al 84 Ni 10 (Ce 3 Gd 3 ) alloy with the maximal viscosity, which corresponds to the largest mixing enthalpy ΔH mix of it. The values of the fitting parameters according to equation (3) are listed in Table 2 . Generally speaking, the lower M corresponds to the higher GFA, suggesting that the viscosity variation rate of superheated liquids towards the liquidus is slower and the liquid is more stable. In our work, it can be seen that the M has a good negative relationship with the GFA among these alloys from Table 2 . The coexistence of La and Ce hinders the precipitation of the intermetallic compound, thus in the view of this improved the GFA. 
Conclusions
In this paper, the coexistence of similar element pairs of La-Ce improved the GFA, while the Pr, Nd and Gd addition decreased the GFA in Al-Ni-Ce alloy system. Among the Al 84 Ni 10 (Ce 3 RE 3 ) (RE = La, Pr, Nd, Gd) alloys, the Gibbs free energy difference between the liquid and the crystalline states (ΔG l-x ) has a negative relationship with the GFA according to the lowest circumferential speed v 0 and γ. The decrease in ΔG l-x and melt fragility can give a reasonable explanation for the improvement in GFA by the minor substitution of similar elements. Due to the different formation mechanism, it can be verified that the fragility parameter of m could be generally confined to an individual alloy system.
